[1] We present a hypothesis that the known formation of nitric acid hydrates in lee-wave ice clouds produces a ''standing crop'' of nitric acid trihydrate (NAT) particles, and that growth and sedimentation of these particles efficiently denitrifies the polar stratosphere. Simulations using a simple two-dimensional model illustrate that the large NAT number concentrations produced in lee waves (>0.1 cm À3 ) lead to low gas-phase HNO 3 concentration in the cloud layer, limiting subsequent particle growth. Provided the NAT existence temperature is not exceeded, these particles slowly sediment out of the cloud layer, at which point further growth is initiated. As a result of the long residence time and vertical wind shear, NAT particles produced in geographically selective regions over a short duration can cause extensive denitrification throughout the lower stratosphere. Our model illustrates that a single hypothetical lee-wave nucleation event [10 hours, 1000 km width (along a longitude) Â 100 m altitude] is sufficient to produce significant denitrification ($25%) vortex-wide.
Introduction
[2] Polar stratospheric clouds (PSCs) play a principal role in destruction of ozone in the wintertime polar stratosphere by providing enhanced surface area for heterogeneous reactions that activate chlorine and by removing HNO 3 from the gas phase [Solomon et al., 1986; World Meteorological Organization (WMO), 1998 ]. PSCs exist in both liquid and solid phases [Toon et al., 2000] . As temperature decreases, the liquid sulfate aerosol swell with uptake of HNO 3 and water resulting in super-cooled ternary solutions (STS). To form solid particles such as NAT and nitric acid dihydrate (NAD), however, a nucleation barrier must be overcome. The mechanisms and rates of the nucleation process are poorly understood.
[3] Sedimentation of PSC particles irreversibly redistributes HNO 3 from higher to lower altitudes. This process, referred to as denitrification [Toon et al., 1986; Salawitch et al., 1989] , increases O 3 loss by reducing the formation rate of NO 2 from HNO 3 , thereby slowing the sequestration of the radical chlorine pool into ClONO 2 [WMO, 1998; Waibel et al., 1999; Gao et al., 2001] . Denitrification is possible only if a small number of particles preferentially grow at the expense of the STS droplets. To grow, these particles must have vapor pressures lower than that of the STS and are thought to be NAD or NAT [Salawitch et al., 1989; Toon et al., 1990] .
[4] During the SOLVE campaign (winter 1999 -2000) [Newman and Harris, submitted to J. Geophys. Res., 2001] , several instruments on the NASA ER-2 aircraft observed low concentrations ($10 À4 cm
À3
) of large particles ($8-20 mm diameter). These particles contain HNO 3 and are thought to be primarily NAT [Fahey et al., 2001] . Simple growth and sedimentation calculations have shown that the particles likely crystallized at altitudes between 22 and 26 km [Fahey et al., 2001] . Observations from this campaign show that, by mid-January, the Arctic stratosphere was quite denitrified over much of the vortex below 20 km [Popp et al., 2001] .
[5] ''Selective'' nucleation of NAT/NAD (via homogeneous or heterogeneous freezing) has typically been invoked to explain the small concentration of solid particles required to effect vortex-wide denitrification [WMO, 1998; Tolbert and Toon, 2001] . Consistent with this view, back trajectory calculations by Fahey et al. [2001] suggest no preferred freezing location. In a recent modeling study, Tabazadeh et al. [2001] using NAD nucleation rates near the high end of existing laboratory data, proposed homogeneous nucleation was responsible for the production of these particles. In this letter, we illustrate how formation of NAT nuclei in lee-wave clouds can generate a flux of large particles in the lower stratosphere and effect vortex-wide denitrification (a similar mechanism is suggested by Fueglistaler et al., submitted to ACP Discussions, 2002).
[6] PSC formation in lee waves is well known [Peter et al., 1992; Tsias et al., 1997; Voigt et al., 2000] . In lee waves, adiabatic lofting of air passing over mountain ranges can result in strong cooling at high rates [Gary, 1989] . The cooling increases with altitude and, between 22 and 25 km, ice clouds can be formed by the freezing of nearly all background particles (around 10 cm À3 ) [Deshler et al., 1994; Carslaw et al., 1998 ]. The subsequent compressional warming of the airmass evaporates ice. It is speculated that HNO 3 taken up on the ice leads to NAT nucleation during the warming phase [Zondlo et al., 2000] . LIDAR observations suggest that NAT may nucleate on a small fraction (e.g., around 2%) of the ice particles [Carslaw et al., 1998 ]. Observations by Voigt et al. [2000] confirm the presence of NAT particles ($0.1 -0.5 cm
) downstream of lee waves. Here, we model the growth and sedimentation of the NAT nuclei formed in these cloud layers to study their potential for vortex-wide denitrification.
Theory and Model
[7] The vortex in our model is represented by a cylindrical domain and nucleation events are simulated by seeding 0.2 cm
À3
NAT nuclei in a nucleation layer at proscribed altitudes, Z nuc (Figure 1 ). Monodisperse particles of 0.1 mm diameter are chosen to represent NAT nuclei in the nucleation layer. The volume of the nucleation layer is calculated from the air flux through a rectangular cross-section (see hatched region in Figure 1 ) with vertical thickness, h, and width, b, for a processing time, t p , of 10 hours. The NAT nuclei in the layer grow with uptake of HNO 3 and water and the resultant particle sizes are calculated.
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[8] Based on the Goddard DAO analyses for winter of 1999 -2000, we have assumed that angular velocity increases linearly with increasing altitude in the vortex (as listed in Figure 1 ). The particle size evolution and displacement in the vertical and azimuthal (along the latitude) dimensions are 1 Growth and sedimentation equations listed in supplementary material. Supporting material is available via Web browser or via Anonymous FTP from ftp://kosmos.agu.org, directory ''apend'' (Username = ''anonymous'', Password = ''guest''); subdirectories in the ftp site are arranged by paper number. Information on searching and submitting electronic supplements is found at http://www.agu.org/pubs/esupp_about.html. , VOL. 29, NO. 9, 1322 , 10.1029 /2001GL013900, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2001GL013900 tracked by solving the growth and sedimentation equations.
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1 As processes affecting radial motion within the vortex have been neglected, calculations are restricted to two-dimensions.
[9] NAT particle growth is dependent on ambient gas-phase HNO 3 concentrations, which in our model are influenced by the presence of the STS droplets [Carslaw et al., 1995] . In the absence of freezing, the STS droplets dominate the aerosol surface area throughout the lower stratosphere. These droplets exist over the entire temperature continuum but significant HNO 3 (and H 2 O) uptake occurs only at temperatures ]193 K. For the STS surface area (!0.5 mm 2 cm
À3
), equilibrium between the gas and condensed phases will occur in a few hours. At equilibrium, the HNO 3 content of the STS is dependent on the total amount of HNO 3 in the gas and liquid (but not solid) phases. In our model, changes to gasphase HNO 3 due to growth or evaporation of NAT results in adjustments of the STS composition to maintain this equilibrium.
Simulation Results
[10] Simulations were performed for a range of nucleation layer properties as listed in Figure 1 . The initial HNO 3 (combined vapor and condensed phase) profile was set to a constant value of 13 ppb at higher altitudes (19.5 -25 km), linearly decreasing to 4.5 ppb at 13 km, A constant temperature (191 K, except as noted in Figure 3) is assumed between 19.5 and 25 km altitudes, linearly increasing to 210 K at 13 km, broadly consistent with remote observations obtained from the NASA ER-2 and DC-8 aircraft (M.J. Mahoney, per. comm.). A constant mixing ratio of H 2 O (5 ppm) and H 2 SO 4 (0.5 ppb) is assumed at all altitudes.
[11] Evolution over time of the particle size and vertical displacement is plotted in Figure 2 . In the nucleation layer, particles grow in $3 hours to $2 mm diameter before the gasphase HNO 3 concentrations in the layer reach the NAT vapor pressure. The particles experience no further growth in the nucleation layer and sediment slowly ($80 m/day). Particles originating from the lower altitudes of the nucleation layer sediment to the region of higher HNO 3 concentrations in a short time and then experience rapid growth. The particles formed at higher altitudes within the layer remain near the nucleation altitude for many days as they fall slowly, without experiencing significant growth, through the air denitrified by the earlier sedimenting particles. One implication of this result is that, because particles nucleated at a single location are advected around the vortex for a number of days before they sediment significantly, simple back trajectory calculations that do not resolve the sub-mesoscale dynamics (e.g Fahey et al. [2001] ) cannot be used to trace the origin of individual particles produced by this mechanism.
[12] In Figure 3 , initial gas-phase HNO 3 profiles (dashed lines) are shown for three different temperature profiles. NAT particle growth rates are dependent on the gas-phase HNO 3 concentrations at equilibrium with the STS. This results in non-monotonic growth (and therefore denitrification) with temperature, with the peak growth rate at around 191 K at 50 mbar. At the coldest temperatures, gas-phase HNO 3 concentrations at lower altitudes (below $21 km) are sufficiently small that the rapidly sedimenting particles are not efficient at removing HNO 3 . When temperatures warm above T NAT [Hanson and Mauersberger, 1988] (at $17 km altitude), the particles start to evaporate and release their HNO 3 .
[13] The simulation results show that sedimentation of NAT particles nucleated in a single geographic location results in a vortex-wide redistribution of HNO 3 . The slow fall rate out of the nucleation layer, coupled with vertical shear in the vortex, result in sedimentation of particles through different vortex airmasses, denitrifying an increasing volume of the vortex at lower altitudes. At and just below the nucleation layer (above $22 km), the small net shear limits the loss of HNO 3 at all temperatures. While the shear causes particles from different altitudes in the nucleation layer to sediment through different vortex airmasses, there are no mechanisms in our model to disperse particles originating at a single altitude within the nucleation layer. At any time, therefore, particle flux at lower altitudes occurs only over a small range of azimuths ($10%). (Figure 4) . Only a handful of such events can produce nearly complete, vortex-wide denitrification between 18 and 22 km. The assumed altitude and thickness of the nucleation layer also control the final distribution and degree of denitrification.
3 Particles originating at higher altitudes denitrify over a larger vertical extent. Thicker nucleation layers, with more NAT particles formed, cause a greater degree of denitrification per event.
The Real Atmosphere
[16] Obviously the multi-dimensional nature of polar vortex denitrification is not represented in our simple model. The largest uncertainties are the spatial and temporal distribution of lee-wave clouds and the number of NAT nuclei formed. Sub-mesoscale temperature fields are required to determine these properties. In addition, wind and HNO 3 fields are needed to accurately simulate the subsequent fate of the nuclei and their role in denitrification. Nevertheless, it is useful to make broad comparisons of our simulation results with the relevant observations.
[17] A flux of large particles (10 -20 mm) was observed at 20 km by the MASP, CIMS HNO 3 , and NO y instruments during the 1999 -2000 SOLVE campaign. During this period, temperatures within the vortex were mostly at or below T NAT and lee-wave ice clouds were often seen (as illustrated in the cover photo of GRL, August 1, 2001). The vortex-averaged particle fluxes, obtained by averaging the calculated particle flux from the CIMS HNO 3 measurements for flight times when T < T NAT , between mid-January and early-February ranged from 0.5 to 1 m À2 s
À1
. Peak local flux values were sometimes an order of magnitude higher. The simulations described above produce particle fluxes consistent with these peak values. In addition, the simulated particle size distribution (not shown) is quite consistent with the observations [Fahey et al., 2001] . On the other hand, during early March many fewer large particles were observed (Northway et al., submitted to JGR (2001) ). A minor warming occurred in mid-February and, in our simulations, this prevents the persistence of the lee-wave-generated particles. While synoptic-scale particle formation can result in vortex-wide denitrification in a relatively short period (few days) for a cold (T < T NAT ) vortex, comparable vortex-wide denitrification by the lee-wave mechanism requires temperatures below T NAT for a much longer duration (few weeks). If the lee-wave mechanism is correct and exclusive, the prediction is that denitrification would only be observed if cold vortex temperatures persist for several weeks.
[18] During SOLVE, particle flux at 20 km was observed over a vast spatial extent of the polar vortex. In our simulations, however, a single lee wave event produces particle flux only through a small vortex area at any instant of time. During the long residence time of particles in and near the nucleation layer (weeks), a significant portion of the vortex will experience ice lee-wave conditions if the synoptic scale temperatures are cold (e.g., Carslaw et al. [1999] ). The formation of multiple nucleation layers by these clouds will produce a much more geographically and temporally uniform flux of large particles in the lower stratosphere (as observed during SOLVE) than is simulated for a single event.
[19] Finally, we note that it is possible that a similar process may effect dehydration below the tropical tropopause. For example, propagation of gravity waves to the tropopause may nucleate small ice particles [Jensen et al., 1996] . The subsequent growth of these particles as they sediment through super-saturated air below would result in the redistribution of water to lower altitudes. We suggest that this could result in a very low number density of large ice particles in super-saturated regions of the upper troposphere.
Conclusion
[20] Clearly, there may be several nucleation mechanisms at work in producing particles that denitrify the polar vortex. Leewave cloud nucleation, however, has been dismissed previously (e.g., Tabazadeh et al. [2000] and Tolbert and Toon [2001] ) because the high number density of small particles formed in these events (and therefore small sedimentation velocity of the particles) was thought to be incapable of producing significant denitrification. As we illustrate here, however, the inhomogeneity in growth rate in and below the nucleation layer results in the temporal (and therefore geographic) redistribution of these particles. The lee-wave layer acts like a ''salt shaker'' at high altitude slowly circling the vortex producing a moving hailstorm in the lower stratosphere. This study suggests, therefore, that before concluding that unknown nucleation mechanisms are at work [Tolbert and Toon, 2001 ], a much more sophisticated analysis should be performed to test the null hypothesis, i.e. that the known heterogeneous nucleation of nitric acid hydrates in lee-waves could explain the observed denitrification and particle flux. 
